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All-Optical Synchronization and Frequency 
Division of Mode-Locked Pulses 
Paul Phelan, Gerald Farrell, and  John Hegarty 
Abstract-We report all-optical synchronization and fre- 
quency division of mode-locked input signals, using a self- 
pulsating laser diode. The performance of mode-locked and 
sinusoidal input signals are compared. Synchronization and 
frequency division of the mode-locked signals is found to be 
easier to achieve. This result suggests that significant applica- 
tion may be found for this system. 
IERE is now a great deal of interest in functions 
limitations of electronics can be overcome, and some of 
the advantages of optics can be exploited. Optical timing 
extraction is one such function which is currently attract- 
ing attention. One approach to optical timing extraction is 
to use a self-pulsating laser diode to lock onto an input 
optical data signal [11, [21. The data signals reported so far 
have been R Z  and NRZ. Recently, we have reported an 
extension of this system to perform all optical frequency 
division using a purely sinusoidal clock signal [3]. 
It has also recently been shown that mode-locked laser 
diodeis are promising candidates for large fan-out optical 
clock distribution [4]. Even though the large potential 
bandwidth of such short duration pulses has not as yet 
been exploited, there is a considerable advantage for 
these systems, due to the very low jitter associated with 
mode-locked laser sources. This letter reports all optical 
synchronization and frequency division for the case of a 
mode-locked input signal, and compares the performance 
with that using the purely sinusoidal input. 
The experimental setup is very similar to that reported 
in [31. The system consists of a tunable source of light 
?” which can be performed optically, in order that the 
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signals, and a self-pulsating laser diode. The tunable 
source is a grating external-cavity laser intensity modu- 
lated at a controllable frequency. The output of this signal 
laser is injected into the self-pulsing laser. The self-puls- 
ing laser is a two-section laser whose self-pulsation fre- 
quency can be controlled by the combined drive to the 
two sections [51. In order to obtain synchronization for a 
mode-locked input signal, the grating laser is actively 
mode-locked at the fundamental of the cavity roundtrip 
frequency in the region of 456 MHz. The pulse duration, 
monitored on a 20 GHz p-i-n photodiode, can be main- 
tained at less than 75 ps by adjustment of the mode-lock- 
ing conditions, such as bias current, R F  frequency, and 
power level. Single clean pulses are obtained for a dc bias 
of 11.6 mA modulated at 456.39 MHz with t 2 2  dBm. 
With no modulation applied, the grating laser Zth = 34 
mA. The wavelength of this laser is chosen to match a 
longitudinal mode of the self-pulsing laser [41. 
The results of the synchronization for both mode-locked 
and sinusoidal inputs are shown in Fig. 1. Fig. l(a) shows 
the synchronized output of the self-pulsing laser (upper 
trace) and the input mode-locked signal (lower trace), 
detected by a 1.5 GHz avalanche photodiode (APD), and 
displayed on a sampling oscilloscope. This was measured 
for the case of an average input power to the self-pulsing 
laser of 4.23 pW. Very good synchronization is observed, 
as can be seen from the traces. Fig. l(b) shows the 
synchronized output of the self-pulsing laser in the case of 
a sinusoidal input signal for a power input of 65.0 pW. 
Good synchronization is again observed but the quality of 
the output pulses is not as good as in the cased of the 
mode-locked input. We attribute this degradation to a 
decrease in synchronization stability. 
Synchronization to a mode-locked input can be achieved 
at significantly lower powers than for a sinusoidal input. 
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Fig. 1. Synchronization of mode-locked and sinusoidal input signals. 
Upper trace of (a) is the synchronized output of the self-pulsing laser for 
the mode-locked input shown in the lower trace. The traces in (b) are for 
sinusoidal input (upper: self-pulsing laser output, lower: sinusoidal input). 
To investigate this we have used a spectrum analyzer to 
monitor the noise floor power level relative to the power 
level at the synchronized frequency as a function of the 
input optical power. In a previous paper we have shown 
that this is a good measure of the degree of synchroniza- 
tion occurring. The results of this measured power depen- 
dence for identical conditions (frequency, wavelength, ab- 
sorber bias), are presented in Fig. 2. We have plotted the 
noise floor relative to the peak power level of the locked 
signal, as a function of the input optical power. In both 
cases the relative noise floor level decreases as the input 
optical power is increased. Saturation occurs above a 
certain input optical power. The input power required for 
mode-locked signals, however, is smaller by almost an 
order of magnitude over that for sinusoidal signals. In 
addition, the saturated noise floor level, which is a mea- 
sure of the quality of the synchronization is better by 
almost 10 dB. We can explain this and, hence, the differ- 
ence in the quality of synchronization between the mode- 
locked and sinusoidal inputs shown in Fig. l on the basis 
of the different harmonic content of the two inputs. Fig. 
3(a)-(c) shows the intensity noise spectra of the free-run- 
ning self-pulsating laser with no external optical injection, 
the mode-locked grating laser, and the sinusoidally modu- 
lated grating laser, respectively. The mode-locked laser 
and the self-pulsing laser possess strong harmonics which 
overlap each other, while the sinusoidal signal has only 
the fundamental harmonic. The improved synchronization 
which is observed for mode-locked signals can be ex- 
plained as follows. In the case of a sinusoidal input, 
synchronization can occur only through the overlap of a 
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Fig. 2. Noise floor level relative to peak level of the synchronized 
self-pulsing laser output signal as a function of the injected optical 
power for mode-locked and sinusoidal input signals. 
Fig. 3. Intensity noise spectrum from 0 to 1.8 GHz of the detected 
signal, displayed on a spectrum analyzer. (a) Free running self-pulsing 
laser (i.e., no injection), (b) mode-locked grating laser, and (c) sinu- 
soidally modulated grating Laser. 
single harmonic of the self-pulsating laser, in this case the 
fundamental. In the case of a mode-locked input, not only 
the fundamental but all of the self-pulsation harmonics 
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Fig. 4. Frequency division (with synchronization) of mode-locked input 
signals. 1Jpper trace: synchronized self-pulsing laser output at 510 MHz, 
lower trace: input grating laser mode-locked at 1020 MHz. 
are overlapped by mode-locked harmonics reducing the 
power required for synchronization. As in [3], the exis- 
tence of self-pulsing higher harmonics suggests that an 
input signal with a fundamental modulation frequency at 
any of the harmonics will lock the self-pulsing laser and 
lead to frequency division. 
In order to unambiguously demonstrate optical fre- 
quency division of a mode-locked input signal, the grating 
laser cavity length was reduced, and mode-locked at its 
fundamental frequency of about 1020 MHz. Once again 
the pulses monitored on the 20 GHz detector were main- 
tained at less than 75 ps, and coupled into the self-pulsing 
laser. Fig. 4 illustrates the output from the self-pulsing 
laser (upper trace), and the input mode-locked source 
(lower trace). For a similar relative noise floor level, it was 
again found that there is as an order of magnitude im- 
provement in synchronization over the case of sinusoidal 
input. This can now be easily understood in terms of the 
overlapping of the intensity noise spectrum at the higher 
harmonics. We have also observed an increase in the 
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minimum power required for frequency division with syn- 
chronization over that required for synchronization only 
(1:l). This is due to the fact that the second harmonic of 
the self-pulsing laser is reduced by 2.5 dB from the 
fundamental. In addition only the even harmonics of the 
self-pulsing laser are overlapped with the mode-locked 
spectrum. 
In conclusion, we have demonstrated all-optical syn- 
chronization and frequency division of a mode-locked 
laser input to a self-pulsing laser diode. The minimum 
mode-locked power required for synchronization is much 
less than in the case of a sinusoidal input. We attribute 
this to the strong higher harmonics of the mode-locked 
laser which overlap with those of the self-pulsation to 
produce the synchronization and division. This result 
shows that all-optical timing extraction and synchronized 
frequency division of mode-locked pulses is an attractive 
prospect for large fan-out systems such as clock distribu- 
tion and demultiplexing of high-speed time division multi- 
plexed signals. 
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